Introduction
============

As the predominant pathogen in both community- and hospital-acquired wound infections, *Staphylococcus aureus* (*S. aureus*) has attracted widespread attention and has been extensively studied ([@b1-etm-0-0-8679]). Bacterial colonization, which is defined as the presence of replicating microorganisms adherent to the wound in the absence of tissue damage, is the initial step in the development of wound infection ([@b2-etm-0-0-8679]). A variety of surface-associated factors are involved in the attachment and colonization of *S. aureus* to host cells and extracellular matrix, such as wall teichoic acid (WTA), fibronectin-binding protein A/B (FnBPA/B), iron-regulated surface determinant A (IsdA), clumping factor A/B and collagen-binding protein ([@b2-etm-0-0-8679],[@b3-etm-0-0-8679]). In particular, WTA (a surface-exposed polyanionic polymer of the cell wall), which is biosynthesized by the enzyme UDP-phosphate N-acetylglucosaminyl 1-phosphate transferase (*tagO*), serves a crucial role in the initiation of *S. aureus* colonization ([@b4-etm-0-0-8679]). FnBPA and IsdA, which are members of the microbial surface components recognizing adhesive matrix molecules protein family and encoded by *fnbA* and *isdA*, respectively, serve a leading role in prolonged persistence in wounds ([@b2-etm-0-0-8679],[@b5-etm-0-0-8679]).

Bacterial colonization alone was reported to exhibit little harm to host cells and the wound healing process ([@b6-etm-0-0-8679],[@b7-etm-0-0-8679]). However, colonized bacteria can form complex microbial communities, which are called biofilms, and embed themselves in extracellular polymeric substances (EPS), serving as a shield against host immune cells and antibacterial agents ([@b8-etm-0-0-8679]). Polysaccharide intercellular adhesion (synthesized by the enzyme encoded by the *ica* operon) and extracellular DNA \[cooperatively regulated by the holin-like protein CidA (*cidA*)/antiholin-like protein LrgA (*lrgA*) network and LysR family regulatory protein CidR (*cidR*)\] are the main components of EPS, exhibiting an important effect on intercellular adhesion and biofilm formation *in vitro* and *in vivo* ([@b8-etm-0-0-8679],[@b9-etm-0-0-8679]). With the protection of the biofilm matrix, *S. aureus* proliferates continually to a critical cell density, at which point the *agr* quorum-sensing system is activated ([@b10-etm-0-0-8679]). This interbacterial chemical communication causes the upregulation of *RNAIII*, the main effector molecule of the *agr* system, which results in the production of a variety of virulence factors and subsequent tissue necrosis ([@b11-etm-0-0-8679]). Wound infection is defined as the presence of replicating organisms within a wound with subsequent host injury ([@b6-etm-0-0-8679]). The transition from the bacterial colonization form to the sessile biofilm form makes the infection more complex, further damaging wound healing and reepithelialization ([@b12-etm-0-0-8679],[@b13-etm-0-0-8679]).

In recent years, there has been increasing interest in the use of negative pressure wound therapy (NPWT) for the treatment of infected wounds due to its efficacy ([@b14-etm-0-0-8679]). Despite growing research concerning the low incidence of biofilm-associated infections, the mechanism of NPWT in infection control remains to be elucidated, particularly with regard to the changes of bacteria secondary to NPWT ([@b17-etm-0-0-8679],[@b18-etm-0-0-8679]). *S. aureus* responds to physical stimulations by regulating gene expression ([@b19-etm-0-0-8679]). Therefore, further studies are urgently required to determine the existent form and gene expression pattern of *S. aureus* in the microenvironment established by NPWT.

The aim of the present study was to investigate and evaluate the response of *S. aureus* to NPWT during acute wound infection. An established rabbit model was used to examine the distribution and existing form of *S. aureus* in tissues. Bacterial burden was also determined to confirm the survival and persistence of bacteria. The adaptive expression of bacterial genes associated with colonization and biofilm regulation secondary to NPWT was further monitored. These experiments aimed to develop an improved understanding of the role of NPWT in bacterial existent form and infection control, setting a foundation for further elucidation of its mechanism.

Materials and methods
=====================

### Animal ethics

A total of 18 1-year-old female Japanese large-ear white rabbits (\~3 kg, purchased from the Laboratory Animal Centre of the Academy of Military Medical Sciences) were used for the present study. The animals were acclimated to standard housing and fed *ad libitum* under a constant temperature (22̊C) and humidity (45%) with a 12 h light/dark cycle. All experiments were approved by the Medical Ethics Committee of the Chinese People\'s Liberation Army (PLA) General Hospital (approval no. 2014-X9-8) in compliance with the Guidelines for Care and Use of Animals in Research ([@b23-etm-0-0-8679]).

### Bacterial strain and culture

*S. aureus* strain RN6390 with constitutive green fluorescent protein (GFP) expression (obtained from the Chinese PLA Institute for Disease Control and Prevention) was cultured in Luria-Bertani (LB) broth in a rotary shaker at 200 rpm and 37̊C. *S. aureus* was grown overnight and subcultured until the log phase. To prepare the inoculum, bacteria were collected by centrifugation (5,000 x g, 4̊C, 10 min), washed thrice with PBS and suspended to an optical density value of 1.0 at 600 nm measured using an ultraviolet spectrophotometer (GeneQuant 1300; Biochrom, Ltd.) in PBS, equivalent to 1x10^5^ colony-forming units (CFUs)/µl empirically ([@b24-etm-0-0-8679]).

### Rabbit model of acute wound infection

The wounding and bacterial inoculation protocol was based on a previously published wound model with minor modifications ([@b25-etm-0-0-8679],[@b26-etm-0-0-8679]). In brief, rabbits were anesthetized by intramuscular injection of ketamine (45 mg/kg) and xylazine (5 mg/kg) mixture. The back of each animal was shaved and residual hair was removed with depilatory cream. The surgical site was sterilized twice with 70% ethanol. A standardized 3 cm-diameter full-thickness dermal wound was created below the dorsal muscle on each side of the back. Following hemostasis and confirmation of no active bleeding, each wound was inoculated with a total of 1x10^7^ CFUs of *S. aureus* at a volume of 0.1 ml. The wounds were bandaged with sterile gauze dressings. Bacteria were allowed to proliferate *in vivo* for a minimum of 6 h to ensure bacterial adhesion and colonization ([@b27-etm-0-0-8679]). All procedures in the present study were performed by the same surgeon.

### Study design and treatment protocol

All rabbits were used to create acute wound infection models (two wounds/rabbit). For each animal, the two wounds were respectively and randomly assigned to the 'untreated control side' and the 'NPWT side'. The rabbits were divided into two groups: Group A (bacterial count, gene expression analysis and healing condition, n=10) and group B (histological study, n=8).

The wounds were treated based on a previously published protocol with minor modifications ([@b25-etm-0-0-8679],[@b26-etm-0-0-8679]). In brief, at 6 h post inoculation, the wound on the 'NPWT side' of each rabbit was dressed with the standard NPWT dressing (consisting of polyvinyl alcohol foam, semiocclusive transparent dressing and suction tube; Wuhan VSD Medical Science and Technology Co., Ltd.) trimmed to the appropriate size in advance. The suction tube was then connected to the vacuum pump device (kindly provided by Professor Lei Hu, Beihang University, Beijing, China). The rabbits were single-caged and the vacuum pump device was placed outside the cage. The tubing and the wound area were swathed in bandages to prevent the rabbits from biting it. Wounds treated with NPWT were subjected to continuous negative pressure at -125 mmHg. Dressings were checked daily and changed every 48 h at most, as recommended for infected wounds by the manufacturer. If the wound required imaging on that day, dressings were also changed. After a period of 8 days of treatment, the rabbits in group B were euthanized. The healing conditions of the rabbits in group A were observed until the 28th day after operation. The wound on the contralateral side of each rabbit was bandaged and followed the same protocol as the treated wound, acting as the untreated control. All animals in group A were euthanized at the end of the present study.

### Histological analysis

Samples (1x1x1 cm) from the center of the wounds were harvested immediately after animal euthanasia on postoperative day 8. Each sample was equally divided into three parts, which were used for laser scanning confocal microscopy (LSCM), hematoxylin and eosin (H&E) staining and scanning electron microscopy (SEM).

To visualize the distribution of GFP-labeled *S. aureus* in the tissue, the specimens were embedded in optimal cutting temperature compound (Sakura Finetek USA, Inc.), subsequently snap-frozen and stored in liquid nitrogen until cryosectioning. Cryosections measuring 6 µm at the vertical section were obtained using a Leica CM1950 freezing microtome (Leica Microsystems GmbH). Observation of section slides was performed using an FV1000 confocal laser scanning microscope (Olympus Corporation; x200 magnification). For better evaluation, transmitted light images were captured and merged with GFP-fluorescent images ([@b5-etm-0-0-8679]).

For histopathological analysis, duplicate samples from the wounds above were fixed in 10% neutral formalin for 24 h at 25̊C, embedded in paraffin, sectioned vertically into 4 µm slices and stained with H&E. Images were captured with an Olympus BX51 microscope (Olympus Corporation) equipped with an Olympus DP71 digital camera (Olympus Corporation).

Duplicate samples from the wounds above were fixed in 2.5% glutaraldehyde (24 h) and 1% osmium tetroxide (12 h) at 25̊C, dehydrated through an ethanol series and hexamethyldisilazane, mounted to specimen stubs using double-sided tape and coated with gold in an auto sputter coater (TedPella, Inc.). Imaging of the tissue samples was performed using a scanning electron microscope (S-3400N; Hitachi, Ltd.). Digital images were captured using the same parameters (15.0 kV, x5,000 magnification) and analyzed by three blinded experienced observers (one microbiologist and two pathologists). Wound sample and granulation tissue was evaluated as described by Kamamoto *et al* ([@b28-etm-0-0-8679]). Bacterial aggregates and necrosis were observed in the region of interest, which were regions with bacterial aggregates and necrosis below the wound surface. Five sections were evaluated per sample.

### Viable bacteria count measurement

Wound samples were harvested under anesthesia as described by Morykwas *et al* ([@b29-etm-0-0-8679]) on postoperative days 1, 4 and 8. In brief, each wound was equally divided into four quadrants. Three samples (\~0.1 g in total) were randomly obtained with biopsy forceps in one of the quadrants at each time point (days 1, 4 and 8). Specimens were immediately weighed and homogenized into a 1 ml suspension with sterile PBS at 4̊C. The homogenates were then serially diluted, plated on Staphylococcus Isolation Agar (Hardy Diagnostics) and incubated at 37̊C for 24 h. The standard colony-counting method ([@b25-etm-0-0-8679]) was performed and the results were expressed as the logarithm of CFUs per g of tissue.

### RNA isolation and reverse transcription-quantitative PCR (RT-qPCR)

Wound samples (\~0.1g for both groups) collected under anesthesia on postoperative days 1, 2, 4 and 8 were snap-frozen and stored in liquid nitrogen until RNA extraction and subsequent RT-qPCR analysis as previously described ([@b5-etm-0-0-8679]). Briefly, frozen tissue was pulverized using a hammer, homogenized in the presence of cell disruption solution (cat. no. 4305895; Thermo Fisher Scientific, Inc.) and lysozyme (AC142; Omega Bio-Tek, Inc.) and incubated at 37̊C for 10 min. Total RNA was extracted using a RNAprep Pure Cell/Bacteria kit (Tiangen Biotech Co., Ltd.) according to the manufacturer\'s instructions. Isolated RNA was treated with Recombinant DNase I (Takara Bio, Inc.) at 37̊C for 20 min to remove contaminating DNA. RNA quality and concentration were assessed using a Qubit^®^ 2.0 Fluorometer (Thermo Fisher Scientific, Inc.). RNA was reverse transcribed into cDNA using a TIANScript RT kit (Tiangen Biotech Co., Ltd.) according to the manufacturer\'s instructions. The primer pairs used in the present study are listed in [Table I](#tI-etm-0-0-8679){ref-type="table"}. Transcript levels of the selected *S. aureus* genes were evaluated by RT-qPCR analysis using a KAPA SYBR Fast qPCR kit (Roche Diagnostics GmbH) on a 7900HT Fast Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The following thermocycling conditions were used for the PCR: Initial denaturation at 95̊C for 3 min; 40 cycles of 95̊C for 3 sec, 60̊C for 20 sec; and one dissociation step at 95̊C for 15 sec, 60̊C for 15 sec and 95̊C for 15 sec. All samples were analyzed in triplicate and Ct values were normalized against 16S ribosomal RNA expression. The 2^-ΔΔCq^ method ([@b30-etm-0-0-8679]) was used to determine the relative expression levels of *S. aureus* genes in accordance with the manufacturer\'s protocol. A total of 200 µl of the inoculum was retained when establishing the animal model and snap-frozen in liquid nitrogen. The inoculum was used as the calibrator with a value of 1. The results were expressed as the mean fold-change of gene expression level relative to that of the same gene found in the inoculum.

### Measurement of wound closure

Images of the wounds in group A were captured with a digital camera (IXUSi; Canon, Inc.) every 3 days until postoperative day 28. All images were independently analyzed by two expert pathologists to evaluate and delimit the epithelialisation boundary. The wound area was then calculated using ImagePro Plus version 6.0 software (Media Cybernetics, Inc.) with the scale set using the ruler in the image. The rate of wound closure was expressed as the percentage of the initial wound area.

### Statistical analysis

Experimental data were analyzed using a mixed ANOVA followed by Bonferroni\'s post hoc test to evaluate the difference between groups at each time point. All analyses were performed using SPSS 17.0 software (SPSS, Inc.) and data were presented as the mean ± standard deviation. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Histological examination and detection of S. aureus in soft tissue

Sections of samples from the affected wounds at the untreated control side presented with numerous discrete aggregates and microcolonies of bacteria (indicated by black arrows; \~100 µm in size; [Fig. 1A](#f1-etm-0-0-8679){ref-type="fig"}) located in the tissue, observed by conventional light microscopy on postoperative day 8. These bacterial colonies caused local necrosis, leaving cavities with distinct boundaries (indicated by black arrows). However, bacterial aggregates were not detected at the NPWT side, instead presenting with a healthier granulation bed without local necrosis ([Fig. 1B](#f1-etm-0-0-8679){ref-type="fig"}). LSCM utilizing GFP-tagged *S. aureus* showed that bacteria appeared as clusters and biofilms (\~100 µm in size) in untreated wounds, resulting in distinct regions in deep tissue layers (indicated by white arrows; \~300 µm in depth; [Fig. 1C](#f1-etm-0-0-8679){ref-type="fig"}). In comparison, bacteria in wounds treated with NPWT were sparsely visible and dispersedly distributed in the tissue ([Fig. 1D](#f1-etm-0-0-8679){ref-type="fig"}). To confirm these results, SEM was performed, presenting with numerous *S. aureus* microcolonies (indicated by white arrows) embedded within the lattice-like extracellular matrix in untreated wounds ([Fig. 1E](#f1-etm-0-0-8679){ref-type="fig"}). Conversely, the bacteria in tissues treated by NPWT appeared as single cells or diplococci, lacking an extracellular matrix ([Fig. 1F](#f1-etm-0-0-8679){ref-type="fig"}).

### Viable bacteria count measurement

To investigate the effects of NPWT on the survival of *S. aureus*, bacterial burden was determined at multiple time points ([Fig. 2](#f2-etm-0-0-8679){ref-type="fig"}). On postoperative day 1, there was no statistical difference between untreated and NPWT groups, with an average of 4.05x10^7^ CFUs per g of tissue. Bacterial counts of untreated wounds showed a consistent level of viable bacteria throughout the course of time. In contrast, there was a significant decrease in viable bacteria levels in the NPWT group compared with the untreated group, verifying the consistency and reproducibility of the results in our previous work ([@b25-etm-0-0-8679]). Nevertheless, NPWT only led to a reduction in bacterial counts by one-log fold on day 8, with an average of 1.16x10^6^ CFUs/g, which was still a considerable amount of bacteria in the tissue.

### Effect of NPWT on the transcription of S. aureus biofilm regulators

To investigate the mechanism of NPWT in affecting the aggregation of *S. aureus* in tissue, the transcription of biofilm regulators during the process of wound infection was analyzed using RT-qPCR. The relative expression ratio of each gene was expressed as the fold-change relative to the level found in the inoculum. In the control group, a 2.6-fold increase for poly-beta-1,6-N-acetyl-D-glucosamine synthase (*icaA*) ([Fig. 3A](#f3-etm-0-0-8679){ref-type="fig"}) was observed on post operative day 1, after which the expression further increased and reached a maximum of 6.8-fold on day 4. Expression then fell to 5.3-fold on day 8. Similar to *icaA*, the transcription of holin-like protein CidA (*cidA*) ([Fig. 3B](#f3-etm-0-0-8679){ref-type="fig"}) gradually increased and reached a maximal 2.5-fold increase on day 4, then declined to 2.0-fold on day 8. The expression of antiholin-like protein LrgA (*lrgA*) ([Fig. 3C](#f3-etm-0-0-8679){ref-type="fig"}) increased and remained \~4-fold higher compared with baseline levels over time. After an initial decline on day 1 and 2, the expression of *cidR* ([Fig. 3D](#f3-etm-0-0-8679){ref-type="fig"}) returned to baseline levels at day 4 and 8. In comparison, NPWT resulted in a significant decrease in the expression of *icaA* and *cidA* and a significant increase in *lrgA* levels compared with that in the control group at days 1, 2, 4 and 8, but did not have any significant effect on *cidR* expression ([Fig. 3](#f3-etm-0-0-8679){ref-type="fig"}).

### Changes in S

aureus colonization under NPWT treatment. To further understand the living state of S. aureus in tissue, the adaptive expression of bacterial genes associated with colonization during wound infection was investigated. In the control group, the expression of tagO ([Fig. 4A](#f4-etm-0-0-8679){ref-type="fig"}) continued to decrease in a time-dependent manner and reached 17% of inoculum levels on day 8. Conversely, a 14-fold increase of fnbA levels ([Fig. 4B](#f4-etm-0-0-8679){ref-type="fig"}) was observed compared with inoculum levels on day 1, after which the expression gradually increased and reached 52-fold of baseline levels on day 8. The expression of isdA ([Fig. 4C](#f4-etm-0-0-8679){ref-type="fig"}) followed a similar pattern, with a 20-fold increase at day 1 and a gradual increase to 34-fold at day 8. RNAIII expression ([Fig. 4D](#f4-etm-0-0-8679){ref-type="fig"}) increased more slowly compared with fnbA and isdA levels and reached a maximum of 3.5-fold increased compared with baseline levels on day 2. Expression started to decrease at days 4 and 8, but remained elevated with a 2.2-fold increase above baseline levels on day 8. In contrast, NPWT led to significant upregulation of tagO, fnbA and isdA levels, and significant downregulation of RNAIII levels compared with the controls at days 1, 2, 4 and 8 ([Fig. 4](#f4-etm-0-0-8679){ref-type="fig"}).

### Wound healing condition

After 8 days of treatment, the wound healing conditions of both groups were observed until postoperative day 28. Gross appearance on the 18th day manifested with a small wound area with clean granulation tissue bed and without necrosis or purulent secretion in the NPWT group ([Fig. 5A](#f5-etm-0-0-8679){ref-type="fig"}) compared with the control ([Fig. 5B](#f5-etm-0-0-8679){ref-type="fig"}). On the 24th day, the wound treated with NPWT completely healed ([Fig. 5C](#f5-etm-0-0-8679){ref-type="fig"}), with a neoepithelium covering the wound center. By contrast, a large skin defect presented in the control group ([Fig. 5D](#f5-etm-0-0-8679){ref-type="fig"}), with film-like exudates overlying the wound bed. Although treatment was only administered for 8 days, wound healing of the NPWT group was significantly improved compared with the control group throughout time period ([Fig. 5E](#f5-etm-0-0-8679){ref-type="fig"}).

Discussion
==========

The pathogenesis of wound infection has long been considered to be complex and multifactorial ([@b31-etm-0-0-8679]). Bacterial amount and invasiveness, as well as the immune competencies of the host, affect the outcome of wound infection ([@b25-etm-0-0-8679],[@b26-etm-0-0-8679]). As the main cause behind wound healing impairment, bacterial biofilm and quorum-sensing make the treatment of infected wounds much more challenging ([@b31-etm-0-0-8679]). With almost 1,000-fold higher antimicrobial resistance compared with planktonic bacteria, biofilms develop rapidly and present either at the surface or within the profound layers of wounds ([@b34-etm-0-0-8679]). In an effort to identify novel approaches to wound care and infection control, NPWT was demonstrated to be safe and effective in avoiding biofilm-associated infections as a physical therapy ([@b14-etm-0-0-8679],[@b16-etm-0-0-8679],[@b35-etm-0-0-8679]). However, the mechanism involved remains to be elucidated, particularly with regard to the response of bacteria secondary to NPWT. It is well known that bacterial gene expression is highly affected by the microenvironment ([@b21-etm-0-0-8679]). Transcriptomic research demonstrated that quorum sensing is downregulated in infections *in vivo* compared with *in vitro* conditions, suggesting bacterial physiology differs in clinical infections relative to *in vitro* experiments ([@b36-etm-0-0-8679]). The present study investigated the distribution and existing form of *S. aureus* in the local microenvironment established by NPWT and monitored the adaptive expression of bacterial genes during acute wound infection *in vivo*.

The results of the present study indicated that NPWT had an obvious influence on the aggregation and distribution of *S. aureus* in the tissue. In the present study, bacterial aggregates were identified in the control group by histological evaluation, along with distinct regions and micronecrosis under the wound surface. This verified the persistence of bacteria within the tissue for at least 8 days, mainly in the form of microcolonies with extracellular matrix. However, NPWT led to a scattering distribution of bacteria in wounds, accompanied by a healthier granulation bed. Although the dispersive distribution of bacteria is associated with active infection in some cases, wound healing was improved by NPWT in the present study, which was also proven by extensive clinical research ([@b14-etm-0-0-8679],[@b15-etm-0-0-8679],[@b37-etm-0-0-8679]).

To investigate the effect of NPWT on the survival of *S. aureus* in wounds and the relationship between the dispersive distribution and bacterial burden, viable bacteria counts were measured. The present data showed a decrease in viable bacteria in the NPWT group compared with the untreated control. Nevertheless, the bacterial load was not dramatically reduced in comparison with the control even at day 8, with \~1x10^6^ CFUs/g, which was still a considerable amount of bacteria in the tissue. This indicated that NPWT did not directly kill bacteria in wounds and the dispersive distribution of *S. aureus* should not be attributed to a low bioburden ([@b38-etm-0-0-8679]).

*S. aureus* responded to physical stimulations by altering gene transcription ([@b19-etm-0-0-8679]). To better understand the effects of NPWT on the living state of *S. aureus* in wounds, the adaptive expression of bacterial biofilm regulators during wound infection was studied. Transcriptional analysis showed that there were significant inhibitions on the expression of genes involved in the production of biofilm components, including *icaA* and *cidA*. Furthermore, the transcription of *lrgA*, which encodes an antiholin-like protein with an inhibitory effect on murein hydrolase activity ([@b9-etm-0-0-8679]), was increased in the NPWT group. These results suggested that NPWT inhibited the biosynthesis of the biofilm matrix, leading to a free-living growth pattern for bacteria in the tissue. To some extent, this may explain the dispersive distribution of *S. aureus* in the present study and the low incidence of biofilm-associated infections in the clinical use of NPWT.

To further explore the events involved in the shift of phenotypic growth pattern, the expression of adhesion factors associated with bacterial colonization was analyzed. The present data showed that NPWT led to increased expression of the adhesion factors, suggesting an intensive colonization of *S. aureus* in tissues. The colonization state alone was reported to do little harm to host cells and does not delay the wound healing process ([@b6-etm-0-0-8679],[@b7-etm-0-0-8679]). The life styles of *S. aureus* in colonization or spreading invasive infection were demonstrated to be regulated by the *agr* quorum-sensing system, a cell density-dependent regulatory mechanism ([@b11-etm-0-0-8679]). To determine whether the discrepancy between bacterial dispersive distribution and enhanced colonization in the NPWT group could be ascribed to the low activity of quorum sensing, the transcript analysis of *RNAIII*, the main effector molecule of the *agr* system, was included in the present study. The results showed that *RNAIII* transcript levels were significantly reduced in the NPWT group compared with the untreated control group, suggesting a decreased activity of the *agr* system. A possible explanation for this decrease may be that the bacterial density in NPWT-treated wounds was under the threshold for *agr* activation, thus not leading to active and invasive infection ([@b11-etm-0-0-8679],[@b32-etm-0-0-8679]). Bacterial dispersive distribution and enhanced colonization appears to be a more uniform scenario, which reflects the commensalism of *S. aureus* in the local niche built by NPWT ([@b39-etm-0-0-8679]). This suggested that bacteria benefitted from the host but does little harm to the wound repair and healing process.

However, the present study exhibited a number of limitations. Although the data of bacterial gene expression lend support to the distribution and existing form of *S. aureus* in tissues, the exact mechanism involved remains to be elucidated. As a physical therapy based on continuous suction, NPWT might affect the pathogenesis of *S. aureus* infection by multiple ways and means, including stereotaxic drainage, pressure variation and shear stress ([@b40-etm-0-0-8679],[@b41-etm-0-0-8679]). In particular, multiple sampling and further analysis on wound healing was performed to reduce the error caused by individual differences. Biopsies were carefully performed to ensure that other analyses are not affected. Despite concerns about healing and disruption of the bacterial state by repeated sampling, the actual impact was marginal ([@b42-etm-0-0-8679]). Only the transcription of genes related to biofilm formation and bacterial colonization was investigated in the present study. As the process of infection involves numerous gene regulatory networks, it is necessary to study global gene expression to validate the present findings in future work.

In summary, the present findings indicated that *S. aureus* responds to NPWT by regulating gene expression, manifesting a decrease in biofilm formation and an increase in bacterial adhesion. The transition from bacterial biofilm to less invasive colonization may reflect a commensal relationship between *S. aureus* and host cells, which potentially benefits the wound repair and healing process. Further studies into the processes influencing the divergence between biofilm infection and harmless colonization may aid in the discovery of novel therapeutics against infections in the field of wound care.
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![Histological examination and detection of *Staphylococcus aureus* in soft tissue. (A) Hematoxylin and eosin staining overview of wound tissue at the vertical section presented with numerous discrete bacterial aggregates and local necrosis (indicated by black arrows) in untreated wounds on day 8. (B) Bacterial aggregates and necrosis area were not detected in the NPWT group. (C) Laser scanning confocal microscopy showed that green fluorescent protein-tagged *S. aureus* (green) appeared as microcolonies (indicated by white arrows) in untreated wounds. (D) *S. aureus* in wounds treated with NPWT were dispersedly distributed in the tissue as single cells or diplococci, without bacterial colonies. (E) Scanning electron microscopy presented with numerous microcolonies of *S. aureus* (indicated by white arrows) embedded within the latticelike extracellular matrix in untreated wounds. (F) The bacteria in tissues treated by NPWT appeared as single cells or diplococci, lacking in extracellular matrix. Scale bar=100 µm. NPWT, negative pressure wound therapy.](etm-20-01-0512-g00){#f1-etm-0-0-8679}

![Viable bacteria count measurements. Bacterial counts of untreated wounds showed a consistent level throughout the time course, averaging about 1x10^7^ CFUs/g tissue. By contrast, there was a moderate decrease in the bacterial counts in the NPWT group, with approximately 1x10^6^ CFUs/g tissue on day 8. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. untreated control. N=10 wounds/group. CFU, colony-forming unit; NPWT, negative pressure wound therapy.](etm-20-01-0512-g01){#f2-etm-0-0-8679}

![Reverse transcription-quantitative PCR analysis of *Staphylococcus aureus* biofilm regulators in response to NPWT. Transcript levels of *S. aureus* biofilm regulators for both groups are presented as fold-changes relative to the inoculum, which was used as the calibrator with a value of 1. (A-C) NPWT led to a significant decrease in the transcription of *icaA* and *cidA* and an increase in *lrgA* compared with untreated wounds throughout the time course, (D) but did not show any significant affect on *cidR* levels. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. untreated control. n=10 wounds/group. NPWT, negative pressure wound therapy; *icaA*, poly-beta-1,6-N-acetyl-D-glucosamine synthase; *cidA*, holin-like protein CidA; *lrgA*, antiholin-like protein LrgA; *cidR*, LysR family regulatory protein CidR.](etm-20-01-0512-g02){#f3-etm-0-0-8679}

![Changes in the transcription of genes involved in *Staphylococcus aureus* colonization in response to NPWT. (A-C) NPWT resulted in significant upregulation of *tagO*, *fnbA* and *isdA* levels compared with untreated wounds throughout the time course. (D) RNAIII levels in the NPWT group were downregulated relative to the control group. Data of both groups were presented as the fold-changes in gene expression relative to the inoculum, which was used as the calibrator with a value of 1. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. untreated control. n=10 wounds/group. NPWT, negative pressure wound therapy. *tagO*, UDP-phosphate N-acetylglucosaminyl 1-phosphate transferase; *fnbA*, fibronectin-binding protein A; *isdA*, iron-regulated surface determinant A.](etm-20-01-0512-g03){#f4-etm-0-0-8679}

![Gross appearance of the wounds. (A) On the 18th day, the wounds treated by NPWT manifested a small and clean wound bed, compared with (B) untreated wounds. (C) The wounds treated by NPWT healed completely on the 24th day. (D) Conversely, there was a delay in healing and film-like exudates covering the untreated wounds. (E) The healing condition of the NPWT group was significantly better compared with the untreated wounds throughout the time course. Data are presented as the percentage of initial wound area. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. untreated control. n=10 wounds/group. NPWT, negative pressure wound therapy.](etm-20-01-0512-g04){#f5-etm-0-0-8679}

###### 

Primer sequences used for reverse transcription-quantitative PCR.

               Primer                                                                                         
  ------------ ------------------------------------------------------------ --------------------------------- ----------------------------------
  *icaA*       Poly-beta-1,6-N-acetyl-D-glucosamine synthase                5\'-TAAGCGAAGTCAGACACTTGCT-3\'    5\'-GCTTCCAAAGACCTCCCAAT-3\'
  *cidA*       Holin-like protein CidA                                      5\'-CTAACTTGGGTAGAAGACGGTG-3\'    5\'-AACCTGAAGATAATGCAACGAT-3\'
  *lrgA*       Antiholin-like protein LrgA                                  5\'-GTGCTGTTAAGTTAGGCGAAG-3\'     5\'-GTGCTTGGCTAATGACACCTA-3\'
  *cidR*       LysR family regulatory protein CidR                          5\'-TTCTTGGTGCATTCCATCAG-3\'      5\'-GCAAAGTGGTCACGCCTAT-3\'
  *tagO*       UDP-phosphate N-acetylglucosaminyl 1-phosphate transferase   5\'-TATTTCGTTGCCAATGGGTA-3\'      5\'-CAAACCATCGAGTCCATCAA-3\'
  *fnbA*       Fibronectin-binding protein A                                5\'-ACACAGCTATAGATGGTGGAGG-3\'    5\'-CGCTATCCACAGCAGTATGG-3\'
  *isdA*       Heme transporter IsdA                                        5\'-CAACAGCGAAATCTGAAAGC-3\'      5\'-TTGTTTAGGCGTTTCGTTATG-3\'
  *RNAIII*     Quorum-sensing regulator                                     5\'-AGATATCATTTCAACAATCGGTG-3\'   5\'-TAGTGAATTTGTTCACTGTGTCGA-3\'
  *16S rRNA*   Ribosome component                                           5\'-AGTGAAAGACGGTCTTGCTGTC-3\'    5\'-ATTGCGGAAGATTCCCTACTG-3\'

UDP, uridine diphosphate; rRNA, ribosomal RNA; IsdA, iron-regulated surface determinant A.

[^1]: ^\*^Contributed equally
